Optimal mating decisions depend on stable, coupled signaling systems because any 19 independent changes in either the signal or its perception could carry a fitness cost. 20
INTRODUCTION 35
The majority of sexually-reproducing animals use intricate mating signaling systems, 36 which rely on the robust functional coupling between the production and perception of 37 signals since any independent changes in either the signal or the capacity to sense it 38 would carry a fitness cost (Boake, 1991 Hall, 2004; Lande, 1984 Lande, , 1981 Lande, , 1980 , which provides a robust molecular mechanism for 47 maintaining stable and reliable population-level communication systems while still 48 retaining the capacity for future signal diversification, as necessitated for speciation (Hoy (Table 1) . 119
Although several members of the Gr receptor family, including Gr68a, Gr32a, Gr66a, 120
Gr39a, and Gr33a, were previously linked to the sensory perception of mating were identified in our initial screen for Gr genes with enriched mRNA expression in 124 abdominal tissues of either males or females (Table 1) . However, Gr8a, which we 125 identified as having male-specific expression in the abdomen, is localized to a 126 chromosomal region with enriched expression in abdomens that was previously 127 implicated in chemoreception (Table 1) and was shown to contribute to the sensory 128 detection of the non-proteinogenic amino acid L-Canavanine (Lee et al., 2012; Shim et 129 al., 2015) . Because our initial expression screen was based on whole-abdomen RNAs, 130
and it was previously reported that Gr8a is also expressed in some abdominal neurons 131 (Park and Kwon, 2011), we next used a GAL4 transgenic driver to examine the spatial 132 expression pattern of Gr8a in male and female flies. As was previously reported, we found 133 that Gr8a is expressed in 14-16 GRNs in the proboscis ( Figure 1A In addition, the Gr8a-GAL4 reporter was also highly expressed in abdominal oenocyte-136 like cells in males but not females ( Figure 1C ). The male-specific abdominal expression 137 pattern was further supported by qRT-PCR ( Figure 1D ). Using immunohistochemistry, we 138 then demonstrated that Gr8a is co-expressed with the oenocyte marker Desat1 (Billeter 139 et al., 2009), as well as in Desat1-negative cells with fat-body-like morphology ( Figure  140 1E-G). Finally, by using immunohistochemistry on a CRISPR/Cas9 generated GFP 141 tagged allele of the Gr8a locus, we demonstrated that the GR8A protein localizes to the 142 fat body ( Figure 1H ). 143
Together, the enriched expression of Gr8a in foreleg GRNs, a primary pheromone 144 chemosensory organ (Lu et al., 2014 (Lu et al., , 2012 , and its sexually dimorphic expression in 145 oenocytes and fat body suggested that in addition to its role in L-Canavanine perception 146 Gr8a is indeed a pleiotropic factor that independently contributes to the perception and 150 production of specific components of the male mating pheromone bouquet, then 151 disruptions of the signal production in males or its perception in females should carry 152 similar impacts on female mate choice behavior. To directly test this hypothesis, we first 153 investigated whether Gr8a and the GRNs that express it are required for sensory 154 functions associated with female mate choice by using a single-pair courtship paradigm 155 (Lu et al., 2014 (Lu et al., , 2012 . We found that blocking neuronal transmission in Gr8a-expressing 156
GRNs with the transgenic expression of the tetanus toxin (TNT) in females resulted in a 157 shorter copulation latency relative to wild-type females when courted by wild-type males 158 (Figure 2A) . Similarly, homozygous ( Figure 2B ) and hemizygous ( Figure 2C ) Gr8a mutant 159 females exhibited shorter copulation latencies relative to wild-type controls, which could 160 be rescued by the transgenic expression of a Gr8a cDNA ( Figure 2D ). In contrast, similar 161 genetic manipulations of the Gr8a gene or Gr8a-expressing GRNs in males did not affect 162 Because Gr8a expression is specifically enriched in male oenocytes, we next tested the 166 hypothesis that Gr8a also plays a role in the production and/or release of inhibitory mating 167 signals by males. Similar to the effect of the Gr8a mutation in females, we found that wild-168 type virgin females exhibited shorter copulation latencies towards Gr8a mutant males 169 relative to wild-type controls ( Figure 2E ). These data indicate that Gr8a mutant males 170 produce and/ or release abnormally low levels of inhibitory mating pheromones. 171
Mating decisions in D. melanogaster rely on a balance of excitatory and inhibitory drives 172 role in the production of an inhibitory signal in males, we reasoned that the same inhibitory 179 signal may be transferred from males to females during copulation. Therefore, we next 180 tested the hypothesis that Gr8a mutant males would have a reduced ability to produce 181 and/or transfer inhibitory pheromones to females during copulation. Accordingly, we 182 found that wild-type males failed to recognize the mating status of wild-type females that 183 were previously mated with Gr8a mutant males ( Figure 2F ). These data indicate that Gr8a 184 action is required for the production and/or transfer of inhibitory pheromones from males 185 to females during copulation. Because Gr8a is involved in the perception of an inhibitory 186
mating signal, we also tested the hypothesis that Gr8a mutant males will exhibit an 187 abnormal capacity for identifying the post-mating status of wild-type females. Indeed, we 188 observed that Gr8a mutant males were more likely than wild type males to court a mated 189 female ( Figure 2F ), suggesting that in addition to its role in the production of inhibitory 190 mating signals, Gr8a is also required in males for the sensory recognition of mating 191 inhibitory signals that mark the post-mating status of females. Together, these studies 192 indicate that Gr8a is required in males for the production and perception of transferrable 193 inhibitory mating signals that advertise post-mating status in females. These data further 194 support the pleiotropic role of the Gr8a gene in the production of inhibitory mating signals 195 in males and the perception of these signals in both males and females in sex-specific 196
contexts. 197
Because our behavioral data indicate that the Gr8a mutation has a dramatic effect on the 198 production and perception of a putative inhibitory mating pheromonal signal, we next 199 examined whether the Gr8a mutation has a direct effect on qualitative and quantitative 200 aspects of male and mated-female CHC profiles. As predicted by our behavioral data, 201
analyses of male epicuticular pheromones by gas chromatography and mass 202 spectroscopy revealed that the Gr8a mutation has a significant impact on the overall 203 qualitative characteristics of the CHC profile of males ( Figure 3A the CHC profile of females mated with Gr8a mutant males did not qualitatively differ from 212 those mated with wild-type males ( Figure 3E ), one specific, lowly-expressed component 213 of the CHC profile, nonacosane (C29), differed quantitatively between the two mated-214 female groups ( Figure 3F ). In addition to these identified CHCs, Gr8a may have a direct 215 effect on other pheromones that are unable to be measured. Together, our behavioral 216 and pheromonal data indicate that Gr8a action contributes to mating decisions in females 217 by co-regulating the perception of an inhibitory mating pheromone by females, as well as 218 its production by males, which is consistent with a pleiotropic function for Gr8a. 219
Next, we sought to identify the Gr8a-associated inhibitory component of the male 220 Drosophila CHC profile by testing the effect of the specific CHCs impacted by the Gr8a 221 mutation on courtship behaviors. By measuring female copulation latency in a single-pair 222 courtship paradigm (Lu et al., 2014 (Lu et al., , 2012 , we found that wild-type females did not 223 copulate with Gr8a mutant males that were first perfumed with an exaggerated amount 224 of the alkenes 9-C25, 7-C25, and 7-C27 ( Figure 4) . Similarly, we found that wild-type 225 males exhibited a lower courtship index and longer courtship latency when females were 226 perfumed with an exaggerated amount of 9-C25 ( Figure 5A -C), and a longer copulation 227 latency when females were perfumed with an exaggerated amount of 7-C25 ( Figure 5D -228 5F), but no differences when females were perfumed with an exaggerated amount of 7-229 C27 ( Figure 5G -I). These data suggest that the alkenes 7-C25, 9-C25, and 7-C27 may 230 contribute to an inhibitory signal associated with Gr8a. 231
232

DISCUSSION 233
The data presented here demonstrate that a pleiotropic chemoreceptor co-regulates the 234 perception and production of a specific pheromonal signal that plays an important role in 235 mate choice behaviors of both sexes. In contrast to its expected function in the perception 236 of chemical ligands, how Gr8a, a member of a canonical chemoreceptor family might also 237 contribute to the production of pheromonal signals is not obvious. In some of the better 238 understood scretory cell types, autoreceptors are essential for the regulation of synthesis 239 and secretion rates. For example, dopaminergic and serotonergic cells regulate rates of 240 synthesis and release of their respective neuromodulators. This is accomplished by the 241 action of autoreceptors, which are used as sentinels that regulate synthesis rates via 242 specific molecular signaling feedbacks in response to level changes in the extracellular 243 concentrations of the secreted molecule (Ford, 2014; Stagkourakis et al., 2016) . 244
Therefore, we hypothesize that one possible way Gr8a might regulate the synthesis 245 and/or secretion of specific CHCs is by acting as an oenocyte-intrinsic autoreceptor, 246 which integrates feedback information to the complex genetic network that regulates the 247 epicuticular CHC profile of males ( Figure 6 ). 248
Previous work indicated that Gr8a is expressed in "bitter" taste neurons in the proboscis 249 and are specifically required for the sensory perception of the feeding deterrent L- Gr8a-dependent perception of L-canavanine seems to depend on its heterotrimeric 257 interaction with Gr66a and Gr98b in bitter sensing neurons in the proboscis (Shim et al., 258 2015) . Although both of these Gr genes were also identified in our initial screen for 259 receptors enriched in the abdomen, Gr66a was expressed in both males and females 260
while Gr98b was specifically enriched in females (Table 1 ). These data suggest that Gr8a-261 dependent contributions to feeding and mating decisions are independently mediated via 262 interactions with different Gr genes in each sensory context, and further point to plastic 263 subunit composition as an essential aspect of the mechanism for ligand specificity in 264 insect gustatory receptors. Although we do not yet know the specific chemical identity of 265 the ligand of Gr8a, previous studies indicated that at least two inhibitory mating 266 pheromones, cVA and CH503, are transferred from males to females during copulations. 267
Although our data suggest that the Gr8a mutation affects the level of cVA expressed by 268 males, it is unlikely that either cVA or CH503 are the putative Gr8a ligands because the as an autoreceptor, then it is possible that these alkenes are ligands of Gr8a. However, 276 future studies are needed to assess the specific relationship of these alkenes with Gr8a. 277
As populations diversify, sexual communication systems within a species should be 278 evolutionarily constrained, since any mismatch between signal and its perception would 279 result in a decrease in fitness (Boake, 1991; Symonds and Elgar, 2008) . However, sexual 280 isolation between closely related species often relies on distinct sexual signaling systems, 281
suggesting that these systems must undergo frequent and quick divergence (Shaw and 282 Lesnick, 2009 ). Therefore, how mating signals and their receptors are linked at the 283 molecular and physiological levels but retain the ability for future diversification remains 284 unknown for most studied mating communication systems. Several theoretical models 285 have previously stipulated that one possible solution to this conundrum is a genetic 286 coupling between signal production and associated mate choice behaviors, which 287 supports the co-evolution of mating signals with their cognate receptors in the face of kept at -20°C until use. Flies used in these trials were collected as described above, kept 397 in single sex groups and aged for 4 days on standard cornmeal medium at 25°C. 24 hours 398 before perfuming, 20 flies of one or the other sex were placed in glass vials containing 399 standard cornmeal medium (12 x 75mm). To perfume the flies, these groups of 20 flies 400 were dumped without anesthesia into each 2 mL vial containing the compound of interest, 401 and were vortexed at medium-low speed for 3 pulses of 20 seconds punctuated by 20 402 second rest periods. Flies were transferred to new food vials and were allowed to recover 403 for one hour. Perfumed flies were then used in courtship behavior assays as described 404 above and the remaining flies were used in pheromone analyses to verify compound 405 transfer. The genotype of flies that were perfumed differed based upon the genotype with 406 the lower amount of each compound as determined in Figure 3 (B, C, F). In all cases, 407 compound transfer was verified by CHC extraction and GC/MS (Table 8) . We thank members of the Ben-Shahar lab for comments on earlier versions of the 456 manuscript. We thank the Millar laboratory (UC Riverside) for performing the CHC 457 analyses. We thank Joshua Krupp for assistance with perfuming studies, Nabeel 
